Spherical elements constitute significant group of machine parts. In particular, they are commonly applied in bearing industry. Spherical elements should be usually manufactured very precisely and their form deviations are relatively small. Deviations of balls used in rolling bearings usually do not exceed 1 micrometer. The problem of accurate measurement of spherical parts is complicated and standards do not provide too many recommendations referring to this problem. The paper presents up-to-date solutions of the problem of measurements of spherical parts. It also presents the method of sphericity measurements developed at Kielce University of Technology. In addition, measurement strategies are presented that are based on developed method.
Introduction
A key issue in contemporary manufacturing technology is to control dimensional accuracy of machine elements. Apart from the dimensions, quality of surfaces of machine parts is very important, too. This is why accurate surface measurements are nowadays a matter of great importance [1] [2] [3] . Considering measurements of rotary elements it is noteworthy that problems of measurements of roundness and cylindricity are well described in the scientific literature.
However, measurements of roundness seem to be insufficient way to evaluate form deviations of spherical elements. This is why in a number of research centres studies focused on this problem are conducted.
Sphericity measurements by the contact method
Generally methods of measurements of sphericity can be divided into two main groups: contact and optical methods. Contact methods can be classified as industrial and laboratory ones. Industrial methods apply simple instruments and provide quick information if measured element fulfils its technological requirements. Laboratory methods are more complex and they aim at as accurate measurement of the whole surface of the specimen as possible. In the laboratory methods the process of measurement is usually much longer and complicated than in the industrial methods.
Industrial methods
Standardization documents used in the industrial practice describe following strategy of measurements of sphericity of machine elements: roundness profiles to be measured in three mutually perpendicular cross-sections of the specimen (see Fig. 1 ). Results of the measurements are presented in the form of polar diagrams and the diagrams are the basis to evaluate approximate sphericity deviations. Such approach allows rough evaluation of sphericity only, as significant part of the surface is not sampled. Moreover, it should be noted that in industrial practice evaluation of form deviations of spherical elements is conducted on the basis of an analysis of only one roundness profile measured in a random crosssection of the sphere. Fig. 1 . Strategy of measurements of spherical elements described in industrial standards [4] Industrial documents state usually that the best reference feature to evaluate form deviations of spherical elements is the least circle circumscribed on the measured profile. It is noteworthy that industrial approach does not require to apply any special-purpose systems for sphericity measurements, but recommends using a typical roundness measurement instruments. Usually such instruments are based on the radius-change method.
Laboratory measurements
Apart from the radius-change method also a 3-point method can be used to measure sphericity, which was described in [5] . Generally, in this concept the sphere is placed on two-point support [see Fig. 2 ]. The signal is obtained from the sensor whose axis intersects the nominal centre of the sphere. During the measurement the sphere rotates and due to irregularities of the surface the sensor readings change. This concept requires mathematical transformation of the sensor readings since the signal is affected by irregularities occurring in all three contact points of the sphere. It can be easily conducted with the use of Fourier transform [6, 7] . angles between supports and the sensor axis [5] Sensor readings in a given point of the profile is a function of the angles between supports and the change of the displacement of the sensor tip in this point. The major drawback of this method is that there are some harmonic components of the profile that cannot be detected by the measuring system. Other concept of sphericity measurements has been developed at Kielce University of Technology [8] . This concept is based on using typical roundness measuring instrument additionally equipped with e special-purpose unit allowing accurate rotation of measured spheres (see Fig. 3 ). Owing to that it is possible to measure roundness profiles of the sphere in a number of strictly defined cross-sections. 
Non-contact methods of sphericity measurements
Except for contact methods, a number of researchers focus on studying methods of sphericity measurements with the use of optical systems. Such methods can be divided into two main groups: measurements applying the light beam and measurements based on image processing.
Light beam measurements
It should be noted that already in the sixties of the XX. century in former Czechoslovakia an automated system for quality control of balls of rolling bearing has been developed that applied an optical system. The system operated on the basis of observing changes of luminosity of the light reflected from the sphere surface. The spheres during measurements were rotated by the rolls. Focused light beam falls on the surface of the sphere and the reflects to a photodiode. If the surface is damaged then the luminosity of the light reflected changes [9] .
At present, intensive research work is carried out in the field of measurements of surface topography of spherical elements with the use of laser interferometers, which was described for example in work [10] . In the method presented in Fig. 4 small fragments of the sphere are measured with the use of Fizeau interferometer and then the procedure of stitching is applied to obtain the image of the whole surface. Fig. 4 . Measurements of sphericity by Fizeau interferometer presented in work [10] Method presented in Fig. 4 requires to determine accurate position of the sphere during subsequent measurements. If the position of the sphere were not determined accurately then it would not be possible to stitch the fragments. Thus, rotation of the sphere is performed with a set of controllers. Relatively similar system is described in work [11] . This system applies a modified Fizeau interferometer, too. Similarly to the method presented in [11] the image of the whole sphere is reconstructed from measured fragments, which is shown in Fig. 5 . 
Measurements applying image processing methods
In work [12] the method for determination of sphericity deviation of the electrodischarge machining tool with the use of an image processing techniques. The instrument is here properly calibrated camera that observes an image of the tool tip. Next, relevant software is used to determine coordinates of points lying on the edge of the tool, which is shown in Fig. 6 . Fig. 6 . One of the images used to evaluate sphericity deviations of the tool [10] After determining the coordinates in a certain position the specimen is rotated to the next position and the procedure repeats then. This way a matrix containing values of coordinates of the sphere is obtained. The values from the matrix are then used to evaluate relevant roundness and sphericity parameters.
An interesting method allowing sphericity measurements by the optical method is presented in work [13] . Authors of this work propose to apply digital image processing technique to reconstruct a 3D view of the surface from twodimensional images. In the presented method a semisphere can be reconstructed from 2D images. The method applies properly calibrated camera to get 2D images. As distances of various points on the sphere are different then the intensity of shading scale is different, too. The changes of this intensity is the basis to generate 3D view of the surface. One of the 2D images and reconstructed 3D view of the surface are shown in Fig. 7 . 
Sphericity measurement strategy in contact measurements
At present most common instruments used to measure form deviations of rotary elements are radius-change systems, described for example in work [14] . Equipping such systems with a unit for accurate positioning of the spheres, shown in Fig. 3 allows application of various measurement strategies that permit covering the sphere with a dense grid of sampling points. Authors have conducted a series of preliminary measurements to find most useful strategies that could be used to evaluate form deviations of spherical elements. Two of these strategies are shown in Fig. 8 and Fig. 9 . Fig. 8 shows a socalled equator&meridians strategy. The unit shown in Fig. 3 allows applying many more measurement strategies that are more complicated that those presented above. However, experience of authors indicates that in practice "bird-cage strategy" provides high quality results [15, 16] . It should be noted that accurate evaluation of sphericity deviations with such strategy requires performing a number of mathematical operations used to process measurement data, such as: profiles matching, filtration, etc. [17] [18] [19] .
Conclusions
The problem of accurate measurements of sphericity devations is very complex. In industrial practice contact methods are dominant, however an industrial approach to evaluate form errors of spheres is very simplified. A number of researchers deals also with studying non-contact methods to measure out-of-sphericity. Apart from that coordinate measuring machines are investigated to apply in such measurements. Considering dynamic development of coordinate metrology it is possible that in the near future this technique will be one of the leading when measuring spherical elements. However, at present time, coordinate measuring machine do not still offer accuracy sufficient to satisfy manufacturers of precise spheres used for example in bearing industry.
Generally, it is noteworthy that laboratory methods presented in sections 2.2 and 3 are quite complicated from practical point of view, as they usually require complicated measurement data processing procedures. This is why it would be very difficult to apply them under industrial conditions. The solution can be the method developed by authors which is based on applying a typical radius-change measuring instrument equipped with the unit for controlled rotation of spheres. Owing to such system it is possible to conduct a series of measurements of roundness profiles that can be further used to reconstruct a 3D view of the surface of measured element.
Additionally, it must be underlined that no matter what method is used to measure spherical parts, accurate evaluation of form errors of sphericity deviations is generally very complex and difficult. It requires applying complicated mathematical apparatus using spherical harmonic components and complex measurement data procedures.
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